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The thermoelectric Hall effect is the generation of a transverse heat current
upon applying an electric field in the presence of a magnetic field. Here we
demonstrate that the thermoelectric Hall conductivity αxy in the three-dimensional
Dirac semimetal ZrTe5 acquires a robust plateau in the extreme quantum limit
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of magnetic field. The plateau value is independent of the field strength, dis-
order strength, carrier concentration, or carrier sign. We explain this plateau
theoretically and show that it is a unique signature of three-dimensional Dirac
or Weyl electrons in the extreme quantum limit. We further find that other
thermoelectric coefficients, such as the thermopower and Nernst coefficient,
are greatly enhanced over their zero-field values even at relatively low fields.
1 Introduction
Dirac materials offer the promise of uncommonly robust transport properties. For example,
two-dimensional graphene exhibits an optical absorption that is a universal constant over a wide
range of frequencies [1, 2, 3], and three-dimensional (3D) Dirac materials can display enormous
electrical mobility [4] and photogalvanic response [5, 6]. These capabilities of Dirac materials
arise from their occupying a classification intermediate between the conventional dichotomy of
metals and insulators: like insulators, Dirac materials have vanishing carrier density and density
of states when not doped, and, like metals, they have no energy gap to electrical and thermal
excitations.
This combination of properties becomes especially tantalizing when applied to the ther-
moelectric effect, which is the generation of electrical voltage from a temperature gradient. A
recent theoretical study suggested that the thermoelectric Hall conductivity in three-dimensional
Dirac or Weyl semimetals acquires a universal plateau value at sufficiently large magnetic
fields [7]. This value is independent of disorder, carrier concentration, or magnetic field, and
leads to the unbounded growth of the thermopower and the thermoelectric figure of merit with
increasing field [8]. These findings imply a potential pathway for achieving efficient platforms
for waste heat recovery or solid state refrigeration [9].
In this work we report on the observation of a robust plateau in the thermoelectric Hall con-
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ductivity αxy in strong magnetic fields in the Dirac semimetal ZrTe5. The measured value of αxy
agrees well with the theoretical predictions. Furthermore, we observe a highly sensitive field
dependence of the thermoelectric responses — including αxy, the thermopower Sxx, and the
Nernst coefficient Sxy — at T ≈ 90K, leading to enormous enhancement of the thermoelectric
properties at relatively low fields ≤ 1 T, which can even be achieved by permanent magnets.
2 Results
2.1 Electron bands in ZrTe5
Our observation of the plateau in the thermoelectric Hall conductivity and the rapid growth of
the thermopower in ZrTe5 is enabled by two key factors. First, the material is metallic with an
ultralow electron concentration, which allows the system to reach the extreme quantum limit
(EQL) of magnetic field already at B ≈ 1 T. Second, the high mobility of our samples, µ ≈
640,000 cm2/Vs, implies that the system reaches the dissipationless limit for electron transport
already atB ≈ 0.1 T. Taken together, these factors allow us to observe the robust thermoelectric
Hall response in the EQL, as well as significant enhancement of thermoelectric properties at low
fields.
In terms of its electronic properties, bulk ZrTe5 lies somewhere between a strong topolog-
ical insulator and a weak one, depending sensitively on the crystal lattice constant. [10] At
this phase boundary the band structure realizes a gapless Dirac dispersion around the Γ point.
Because of the sensitivity of the band structure, indications of all three phases have been re-
ported by various groups [11, 12, 13, 14, 15, 16, 17]. There seems to be a consensus that the
band structure depends on the growth method, defect concentration, or thickness of the sample
[18, 19, 20, 21]. Our 3D bulk samples, grown by the tellurium flux method at Brookhaven
National Laboratory, have been consistently found to be 3D Dirac semimetals with no gap, or
at most a very small gap below detection limits, in multiple studies by different techniques,
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such as ARPES, magneto-optical spectroscopy and transport [11, 12, 13, 14, 15, 17, 22]. In-
terestingly, a gap of 10 meV develops when the thickness of the sample is reduced to 180 nm,
further confirming the sensitivity [18]. Since ZrTe5 grown under certain conditions possesses a
single Dirac cone and can be grown with very low carrier concentration and very high mobility,
it represents an ideal platform for studying fundamental properties and possible applications of
3D Dirac electrons both in weak and strong magnetic fields. The possibility of a small band
gap, and its influence on the thermoelectric Hall conductivity, are discussed in more detail in
Supplementary Note 6.
2.2 Temperature and magnetic field dependence of resistivity
The electron concentration in our samples, as measured by the Hall effect, is nHall ≈ 5 ×
1016 cm−3 at low temperature. As we show below, at such low densities the EQL is reached
already at fields & 2 T. The Hall effect remains linear in the magnetic field B up to 6 T at low
temperatures, which is much higher than the quantum limit field. This linearity reflects a single
band of carriers, indicating that we have a simple Dirac system. As in previous studies of ZrTe5
[17, 23], the Hall concentration nHall is seen to evolve with both temperature and magnetic field,
with the sample changing from n-type to p-type as T is increased above ≈ 83 K. Previous stud-
ies suggest that this change results from a temperature-dependent Lifshitz transition [22, 23]; a
more thorough discussion of the electron and hole concentrations as a function of temperature
is presented in Supplementary Note 2. Since the sign of the thermopower Sxx is determined
by the carrier type, i.e., positive for holes and negative for electrons, the shift from n-type to
p-type transport with increasing temperature is also reflected in the temperature dependence of
Sxx, which reverses its sign at T ≈ 90 K, as shown in Fig. 1c [24]. At the critical temperature
where the carrier density is the lowest, the resistivity is at its maximum.
As the magnetic field is increased from zero, the resistivity undergoes Shubnikov-de Haas
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(SdH) oscillations associated with depopulation of high Landau levels. These oscillations are
plotted in Fig. 1b, which show that the EQL is achieved at all fields > 2 T. The appearance
of SdH oscillations at very low field (≈ 0.1 T) reflects the high mobility of our samples, µ ≈
640, 000 cm2V−1s−1. A previous study reported measurements of the SdH oscillations for the
magnetic field oriented along the x, y and z axes, from which the Fermi surface morphology is
obtained [17]. The Fermi surface is an ellipsoid with the longest principal axis in the z direction.
The carrier density estimated from SdH oscillations is in good agreement with nHall, confirming
the dominance of a single band at the Fermi level at low temperature. The corresponding Fermi
level is only 11 meV above the Dirac point at T = 1.5 K.
2.3 Thermoelectric coefficients in the extreme quantum limit
Because of the low carrier density, the system enters the lowest (N = 0) Landau level at B >
2 T at low temperature. As the temperature is increased, the Fermi level shifts towards the Dirac
point, implying that the quantum limit is reached at an even lower field. Therefore, the system
is well within the EQL for a large range of magnetic field, which we sweep up to 14 T.
Our measurements of the longitudinal (Seebeck, Sxx) and transverse (Nernst, Sxy) thermo-
electric coefficients are shown in Fig. 2 as a function of magnetic field. There is a general
increase in the magnitude of both Sxx and Sxy with magnetic field in the EQL. Indeed, at
T ≈ 90 K, where the carrier density is the lowest, Sxx becomes as large as 800 µV/K, while
Sxy becomes larger than 1200 µV/K. The theoretical interpretation of Sxx and Sxy, however, is
complicated by the variation of the carrier density with T and B. Indeed, the change in sign
of Sxx with B at higher temperatures is likely related to the proximity of the system to a tran-
sition from n-type to p-type conduction (as mentioned above), as is the sharp variation in Sxx
with B at low fields and T ≈ 90 K. This variation of the carrier concentration with B seems to
blunt the large, linear enhancement of Sxx with B predicted in Ref. [8] for higher temperatures.
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(A similar shift in chemical potential with B field may be responsible for the nonmonotonic
dependence of Sxx on B seen in an organic Dirac material [25].)
These complications lead us to examine a more fundamental quantity, the thermoelectric
conductivity αˆ = ρˆ−1Sˆ. Here ρˆ and Sˆ denote the resistivity and thermoelectric tensors, respec-
tively, so that both the longitudinal and transverse components of the tensor αˆ can be deduced
from our measurements. We focus, in particular, on the thermoelectric Hall conductivity αxy,
which is plotted in Fig. 3 for the EQL. While αxy depends in general on both T and B, Fig.
3b shows that deep in the EQL αxy achieves a plateau that is independent of magnetic field.
Furthermore, this plateau value of αxy is linear in temperature at temperatures T . 100 K,
which suggests that αxy/T is a constant in the EQL, independent of B or T (Fig. 3a, see also
Supplementary Note 3).
3 Discussion
This strikingly universal value of αxy/T can be understood using the following argument. The
thermoelectric Hall conductivity can be defined by αxy = JQy /(TEx), where J
Q
y is the heat
current density in the y direction under conditions where an electric field Ex is applied in the
x direction and the temperature T is uniform. In the limit of large magnetic field (large Hall
angle), electrons drift perpendicular to the electric field via the ~E × ~B drift, and thus their
flow is essentially dissipationless with a drift velocity vd = Ex/B in the y direction. The heat
current density JQy can be described by the law governing reversible processes, J
Q
y = TJ
S
y ,
where JSy = vdS is the entropy current density and S = (pi2/3)k2BTν is the electronic entropy
per unit volume, with ν the density of states [26]. Crucially, for a gapless Dirac system in the
EQL, the density of states approaches an energy-independent constant, ν = NfeB/(2pi2~2vF ),
where ~ is the reduced Planck constant, vF is the Dirac velocity in the field direction, and Nf is
an integer that counts the number of Dirac points, assuming that all Dirac points are degenerate
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in energy. (In our system Nf = 1; for a Weyl system Nf is given by half the number of Weyl
points.) Inserting this expression for ν into the relations for S and αxy gives
αxy =
1
6
T
vF
ek2B
~2
Nf . (1)
In other words, in the EQL the value of αxy/T is determined only by the Dirac velocity, by the
integer degeneracy factor Nf , and by fundamental constants of nature. In this sense one can
say that αxyvF/T is a universal quantity in the EQL of Dirac or Weyl materials, which depends
only on fundamental constants and on the integer Nf . Equation (1) was predicted in Ref. [7],
where it was derived in terms of quantum Hall-like edge states.
Notice, in particular, that Eq. (1) has no dependence on the carrier concentration. Thus,
changes in the carrier concentration or even a transition from n-type to p-type conduction do
not affect the value of αxy. Empirical evidence for this lack of dependence can be seen by noting
that the carrier concentration and carrier sign vary strongly within the range of T and B corre-
sponding to the plateau in αxy (see Supplementary Note 2 for more discussion). The surprising
independence of αxy on the carrier concentration apparently enables the universal plateau that
we observe in αxy, even though the behavior of Sxx and Sxy in the EQL is more complicated.
Figure 3a shows that the plateau in αxy/T ≈ 0.01 AK−2m−1. We can compare this to the the-
oretical prediction of Eq. (1) using the previously-measured Dirac velocity vF ≈ 3 × 104 m/s
[17]. Inserting this value into Eq. (1) gives αxy/T ≈ 0.015 AK−2m−1, which is in excellent
agreement with our measurement. (Data from another sample is presented in Supplementary
Note 4.) Equation (1) also predicts a lack of dependence on the disorder strength, in the sense
that the value of αxy has no dependence on the electron mobility or transport scattering time.
This lack of dependence on disorder is more difficult to directly test experimentally.
It is worth emphasizing that in conventional gapped systems, such as doped semiconductors,
αxy varies with both the carrier concentration n and the magnetic fieldB in a nontrivial way [7].
7
In this sense the plateau in αxy/T is a unique Hallmark of three-dimensional Dirac and Weyl
semimetals. (The effects of a finite band gap on αxy are discussed in Supplementary Note 6.)
Finally, we briefly comment on the possibility of making efficient thermoelectric devices
using the strong magnetic field enhancement of the thermoelectric coefficients that we observe.
In particular, the strong enhancement of the longitudinal and transverse thermoelectric coeffi-
cients, Sxx and Sxy, would seem to suggest a large enhancement of the thermoelectric power
factor PF = S2xx/ρxx. Unfortunately, the growth in Sxx with field is compensated by the large
magnetoresistance in ZrTe5 (as we discuss in Supplementary Note 2), so that no significant
growth of the power factor is seen. The variation in carrier density with magnetic field B also
blunts the field enhancement of the thermopower, particularly at higher temperatures. Thus,
direct use of ZrTe5 in thermoelectric devices will likely require further research that can find
a way to suppress the magnetoresistance while maintaining the large magnetothermoelectric
effect.
In summary, in this article we have demonstrated a robust plateau in the thermoelectric Hall
conductivity of Dirac or Weyl semimetals. This plateau is unique to three-dimensional Dirac
or Weyl electrons, and gives rise to the large, field-enhanced thermoelectric response that we
observe at strong magnetic field. Our findings imply that ZrTe5, and three-dimensional nodal
semimetals more generally, may serve as effective platforms for achieving large thermopower
and other unique thermoelectric responses. Our findings also suggest a transport probe for
identifying and characterizing three-dimensional Dirac materials.
4 Methods
Our samples are single crystals of ZrTe5 grown by the tellurium flux method [12, 14, 17, 22].
Relatively large crystals, with a typical size of 3 mm × 0.4 mm × 0.3 mm, were used for trans-
port measurements. The longest dimension is along the a axis and the shortest dimension is
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along the b axis. In our measurements, either the electrical current or the temperature gradient
is applied along the a axis, while the magnetic field is perpendicular to the ac plane. For the
thermoelectric measurements, one end of the sample is thermally anchored to the sample stage,
while the other end is attached to a resistive heater (see Fig. 1b). The temperature difference be-
tween the two ends is measured by a type-E thermocouple. This difference is in the range of 100
to 160 mK, which is always much smaller than the sample temperature. (See Supplementary
Note 1 for further details about our measurement setup.)
We use a two-point method to measure the temperature difference between the hot end and
cold end of the sample. (The relative advantages of two-point and four-point setups for thermo-
electric measurements are discussed in Supplementary Note 1). Two Type-E thermocouples are
attached to the heater stage and the heat sink, respectively (see Supplementary Fig. 2). Thermo-
electric voltages are measured through gold wires attached to two ends of the sample and the
voltage probes in the middle. ρxx and ρxy are measured by a standard four-point method.
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Figure 1: Measurement setup and resistivity. a The crystal structure of ZrTe5. b The measure-
ment setup for resistivity and thermoelectric measurements. c Temperature dependence of the
electrical resistivity (blue curve, left vertical axis) and the thermopower (red curve, right ver-
tical axis). d Magnetoresistance at 1.5 K. On top of a strong positive magnetoresistance, SdH
oscillations are evident (upper inset). The onset field of the oscillations is 0.13 T, indicating a
high mobility. The system enters the EQL at ≈ 2 T. The lower inset shows the index n of the
minima and maxima of each oscillation as a function of 1/B.
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Figure 2: Longitudinal and transverse thermoelectric coefficients as a function of the magnetic
field at different temperatures. a Sxx at T ≤ 90 K, where the sign of Sxx is negative at B = 0,
and b Sxx at T > 90 K, where the sign is positive at B = 0. c, d show Sxy at T ≤ 90 K and
T > 90 K, respectively.
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Figure 3: Transverse thermoelectric conductivity. a αxy/T as a function of B at different
temperatures. αxy is independent of B at high fields. b αxy as a function of temperature at
different fields. The red dashed line is a guide to the eye. The error bars indicate one standard
error, and reflect uncertainties in the measurements of the temperature difference and sample
dimensions (see Supplementary Note 1 for detail). For visual clarity, only the error bars for
B = 14 T are shown.
17
Supplementary Information for “Observation of a thermoelectric Hall 
plateau in the extreme quantum limit” 
Wenjie Zhang,1, * Peipei Wang,2, * Brian Skinner,3,4, * Ran Bi,1 Vladyslav Kozii,3,5,6 Chang-Woo Cho,2 
Ruidan Zhong,7 John Schneeloch,7 Dapeng Yu,2 Genda Gu,7 Liang Fu,3,† Xiaosong Wu,1,8,† and 
Liyuan Zhang2,† 
1State Key Laboratory for Artificial Microstructure and Mesoscopic Physics, 
Beijing Key Laboratory of Quantum Devices, 
Peking University, Beijing 100871, China 
2Department of Physics, Southern University of Science 
and Technology of China, Shenzhen 518055, China 
3Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 
4Department of Physics, Ohio State University, Columbus, OH 43210, USA 
5Department of Physics, University of California, Berkeley, CA 94720, USA 
6Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 
7Condensed Matter Physics and Materials Science Department, 
Brookhaven National Laboratory, Upton, New York 11973, USA 
8Frontiers Science Center for Nano-optoelectronics and Collaborative Innovation Center, 
of Quantum Matter, Peking University, Beijing 100871, China 
 
 
*  These authors contributed equally. 
†  Corresponding Author. E-mail: liangfu@mit.edu (L.F.), 
xswu@pku.edu.cn (X.W.), 
zhangly@sustc.edu.cn (L.Z.) 
SUPPLEMENTARY	NOTE	1:	EXPERIMENTAL	DETAILS	
 
SUPPLEMENTARY FIG. 1: Optical image of our experimental setup. A chip heater (outlined by red 
dashed line) and a copper heat sink are mounted on the thermal bath by varnish and silver paste, 
respectively. A copper film is deposited on top of the heater to reduce temperature non-
uniformity. Silver paste is used to make electrical contacts. 25 µm gold wires are used for 
electrical leads due to their small Seebeck coefficient. A Type-E thermocouple measures the 
temperature difference between the hot end of sample and the thermal bath, with one joint 
attaching to the sample and the other attaching to the pad on the thermal bath. 
 
 
SUPPLEMENTARY FIG. 2: Schematics of two-point measurement (left) and four-point 
measurement (right) setups. 
 
The optical image of our measurement setup is shown in Supplementary Fig. 1. We use a 
two-point method to measure the temperature difference between the hot end and cold end of 
the sample (see Supplementary Fig. 2, left). Normally, two Type-E thermocouples are attached 
to the heater stage and the heat sink, respectively. The differential of the measured values 
between two stages is ΔT=(TH-T0)-(TL-T0)=TH-TL. Here, TH, TL and T0 are the temperature of the 
hot end, the heat sink and the thermal bath, respectively. In our experiment, only one 
thermocouple is used to get TH -T0, as the measured TL-T0 is found to be at most 3% of TH-T0 due 
to the good thermal contact between the copper sink and the thermal bath, meaning ΔT ≈ (TH-
T0). Thermoelectric voltages are measured through gold wires attached to two ends of the 
sample and the voltage probes in the middle. 𝜌!! and 𝜌!"	 are measured by a standard four-
point method. 
In general, there are two main types of thermoelectric measurement setups, i.e., two-point 
and four-point methods, shown in Supplementary Fig. 2. In a two-point setup, a sample is 
mounted such that it bridges a high temperature stage and a low temperature one. 
Thermometers are attached to the stages and measure the temperature difference ΔT between 
the two stages, while electric contacts attached to two ends of the sample are used to measure 
the thermoelectric voltage V. Since there is contact thermal resistance between the sample and 
the stages, and hence a temperature difference, the actual ΔT is smaller than the measured one, 
resulting in underestimation of the thermoelectric ratio V/ΔT. So, it is important to make good 
thermal contacts so that the contact thermal resistance is much smaller than the thermal 
resistance of the sample. A four-point method mitigates this problem by attaching 
thermometers directly to the sample. In such a case, the thermal contacts between the sample 
and the stages become irrelevant. However, this four-point method works only if the thermal 
resistance of the thermometer connection is much higher than both that of the sample and the 
contact thermal resistance between thermometers and the sample. If the former condition is 
not met, significant heat current will be drawn through the thermometers. This heat leakage 
gives rise to a non-uniform temperature gradient across the sample, affecting the calculation of 
the Nernst effect. If the latter condition is broken, the measured ΔT is smaller than the actual 
one, leading to an overestimation of the thermoelectric coefficients: the so-call cold finger 
effect. 
ZrTe5 is a van der Waals layered material. Moreover, in each layer, there are Zr-Te chains 
running along the a direction, while the interchain bonding is relatively weak, making it quasi-1D 
material. As a result, single crystals of ZrTe5 are in the shape of a whisker or thin ribbon. Due to 
the weak van der Waals interlayer coupling, crystals are soft and readily peeled off. These 
geometric and mechanical characteristics makes our thermoelectric measurements non-trivial. 
Furthermore, the thermal conductivity of ZrTe5 is relatively low, which, in combination with 
small cross-section of the sample, leads to a large thermal resistance. Consequently, it can be 
challenging to satisfy the condition for the four-point method. For this reason, a two-point 
method is preferable, especially when the sample is small [1]. As the sample is a ribbon, a large 
contact area between the sample and the stages, relative to the cross-section area of the 
sample, can be readily achieved. By further applying abundant silver paste, the contact thermal 
resistance can be made small. We have measured the temperature difference between one end 
of the sample and the thermal bath by attaching a thermocouple to that end. As shown in 
Supplementary Fig. 3, the difference is less than 10% of the measured ΔT above 40 K. This is not 
significant in a thermoelectric measurement. However, at low temperatures, it can amount to 
18%. Consequently, the low temperature thermoelectric coefficients may be appreciably larger 
than the measured ones. 
Let us now quantitatively estimate the heat leakage through the thermometers in a four-
point method using the dimensions of our setup. The separation between the heater and heat 
sink is 1.35 mm. The cross-section of sample #1, presented in the main text, has an area 0.36 
mm by 0.25 mm. The thermal conductivity of ZrTe5 is about 7-20 W/m·K in the temperature 
range of this study, according to previous reports [2]. The thermal conductivity reported by 
Constantan and Chromel, which, to the best of our knowledge, is only available at temperatures 
down to 100 K, are 19W/m·K and 13W/m·K at 100 K, respectively [3]. The thermocouples we 
used have a diameter of 25 μm with a length of about 3 mm limited by the chip carrier, on 
which the whole setup is mounted. Neglecting the unknown contact thermal resistance of the 
thermocouples and using the Fourier’s law JQ = -κ∇T, the heat leakage through thermocouple 
wires is about 0.8 – 1.0% of the total heat through the sample at 100 -150 K. So, for this sample, 
the heat leakage is not a problem. However, for sample #2, presented in the Supplementary 
Information, the cross-section is only 0.25 mm by 0.04 mm, and the ratio reaches 7 - 9%. 
  
SUPPLEMENTARY FIG. 3: Estimation of the upper bound for the error of the measured 
temperature difference due to the contact thermal resistance between the cold end of the 
sample and the thermal bath. 𝛥𝑇	is the measured temperature difference between the hot end 
of the sample and the thermal bath, which is used to calculate the thermoelectric coefficients, 
while 𝛿𝑇 is the measured temperature difference between the cold end of the sample and the 
thermal bath. Above 50 K, the error is about 5%, but it increases to 18% at low temperature.  
 
  
SUPPLEMENTARY FIG. 4: Magnetoresistance of the heater. 
 
When applying a high magnetic field, the characteristics of thermometers may change. Care 
needs to be taken to obtain the correct ΔT. In this experiment, we used a Type-E thermocouple, 
which is field-independent above 20 K, although it gains some dependence below this 
temperature. To circumvent this issue, we adopted a strategy to make sure that ΔT is field 
independent so that there is no need to measure it in field. Since the heater resistance barely 
changes with field, as shown in Supplementary Fig. 4, the heating power remains unchanged 
under a constant current. Therefore, the key of the strategy is to make sure that the thermal 
resistance between two stages is much smaller than that of the sample. In this case ΔT does not 
vary with the latter. To achieve this requirement, the heater, consisting of a meandering thin 
metal strip on a 500 μm thick alumina substrate, is directly mounted on the thermal bath, using 
silver paste or varnish. On top of the heater, a thick copper film is deposited to ensure a uniform 
temperature on the stage. With this design, a heating power of 2.5– 8.1 mW was required to 
produce ΔT ~ 91 – 257 mK. The heat current through the sample is estimated as 12-53 μW, using 
the available thermal conductivity of ZrTe5 [2] and the geometry of the sample. Apparently, only 
at most 1.5 % of the total heat current goes through the sample, which can have little effect on 
ΔT. The thermal conductance of alumina is unlikely to have any field dependence. In fact, above 
20 K, where our thermocouple is field-independent, ΔT was found to be fairly constant in fields, 
as seen in Supplementary Fig. 5. 
  
SUPPLEMENTARY FIG. 5: Field dependence of the thermoelectric signal of a thermocouple 
measuring the temperature difference between the heat stage and the thermal bath. 
 
Under an applied magnetic field, the Nernst effect appears, which in this experiment is 
measured adiabatically. Under this condition, the Righi-Leduc effect generates a transverse 
temperature gradient, which in turn contributes a transverse electric field. This additional field 
has to be taken into account when obtaining the isothermal Nernst coefficient, which is used to 
calculate the thermoelectric Hall conductivity 𝛼!" in this work. The Righi-Leduc effect is usually 
small. When the thermal conductivity of the material is dominated by the lattice contribution, 
the transverse temperature gradient is negligible. Then, the adiabatic Nernst coefficient is 
equivalent to the isothermal one [4]. This is in fact the case in ZrTe5. The thermal conductivity of 
ZrTe5 single crystals is about, 7 – 20 W/m∙K according to previous reports [2]. Using the 
measured resistivity of our sample, we can estimate the electronic contribution to the thermal 
conductivity, based on the Wiedemann-Franz law,  . It turns out to be ~ 0.05 – 0.7 
W/m∙K, only 3% of the total thermal conductivity. Therefore, our measurements directly 
produce the isothermal Nernst coefficient. 
 
SUPPLEMENTARY	NOTE	2:	ANALYSIS	OF	MAGNETORESISTANCE
	
SUPPLEMENTARY FIG. 6: Electrical transport measurements. a, b Longitudinal electrical 
resistivity ρxx and transverse electrical (Hall) resistivity ρxy versus the magnetic field at different 
temperatures. Curves are shifted for clarity. c, d ρxx and ρxy at 90 K, 100 K, 110 K for B < 2 T. 
Bright solid lines are fits to a two band model. e Carrier densities as a function of temperature. 
Positive values represent holes, while negative values represent electrons. The diamond symbol 
represents the carrier density calculated from Shubnikov-de Haas oscillations at 1.5 K. 
 
Supplementary Fig. 6 shows the magnetoresistance and the Hall resistance of the sample 
presented in the main text. The resistivity strongly increases with field, e.g., by two to three 
orders of magnitude at B = 14 T. Such a large magnetoresistance is typical for Dirac semimetals 
[5]. At low temperatures, the Hall resistivity is rather linear below 6 T, indicating single band 
conduction. The linearity persists deep into the quantum limit. However, a strong deviation 
appears above 6 T. We believe that such a nonlinear Hall voltage in the extreme quantum limit is 
the result of two-carrier contributions, as expected when the Fermi level shifts towards the 
Dirac point with increasing magnetic field. This shifting of the Fermi level is precisely the 
mechanism that gives rise to the non-saturating thermopower and transverse thermoelectric 
conductivity plateau, which are the main focus of this work. The low-field slope of ρxy shows a 
sign-reversal at about 90 K, indicating the change of carrier from electron to hole, as expected 
by the Liftshitz transition in this material. 
At temperatures that are much lower or much higher than 90 K, the Fermi level is not so 
close to the Dirac point and the transport is more or less one-carrier dominated at low fields. 
Correspondingly, the low-field Hall resistivity is relatively linear and the carrier density can be 
simply calculated from the Hall slope. On the other hand, around 90 K, where the Fermi level is 
in the vicinity of the Dirac point, a significant number of electrons and holes are thermally 
excited. The existence of two types of carriers with comparable densities causes ρxy to become 
non-linear even at relatively low fields. Consequently, a two-carrier model such that 𝜌)#$#%& =𝜌)'%& +	𝜌)(%& , is necessary to describe the magnetotransport and extract the carrier density. Here 
ρ̂tot, ρ̂e and ρ̂h are the resistivity tensors of the total, electron contribution and hole contribution, 
respectively. For the longitudinal component of the resistivity tensor, ρxx, we need to take into 
account the strong magnetoresistance that a Dirac semimetal often exhibits. The following 
generic expressions are used to describe both the electron and hole transport, 
   (2-1) 
By fitting data around 90 K, the carrier densities of holes and electrons, nh and ne, are obtained. 
Their difference, nh − ne, which reflects the Fermi level, is plotted in Supplementary Fig. 6e. The 
full results for  nh, ne, µh, and µe are shown in Table 1. The temperature dependence of the 
carrier density is consistent with the Lifshitz transition observed in the angle resolve photo-
emission spectroscopic study [6]. Overall, the mobility decreases with temperature, except for 
some deviation around 100 K. This is because a two-band model has to be used in this regime 
and increase in the number of fitting parameters leads to larger uncertainty. 
SUPPLEMENTARY TABLE 1: Carrier density and mobility.  
 
Supplementary Fig. 7 shows the oscillatory part of the magnetoresistance at 1.5 K, which is 
periodic in 1/B. At least six periods of oscillations can be identified. The FFT spectrum displays a 
sharp peak at about 0.82 T, which agrees well with the slope of the Landau plot shown in Fig. 1 
of the main text. From the oscillation frequency, we estimate the carrier density 4.3×1016 cm−3. 
SUPPLEMENTARY FIG. 7: Quantum oscillations of magnetoresistance at 1.5 K. a Oscillations of 
the magnetoresistance after subtraction of a background. b Fast Fourier transformation analysis 
of the quantum oscillation. 
 
 
Temperature 
(K) 
1.5 5 20 40 60 80 90 100 110 120 140 160 
nh (1016 cm-3) - - - - - - 1.8 5.3 5.3 8.8 16.1 29.2 
ne (1016 cm-3) 5.2 4.7 4.2 3.8 3.6 3.0 4.4 6.8 2.8 - - - 
µh (m2V-1s-1) - - - - - - 5.7 7.3 14.6 7.2 5.0 3.5 
µe (m2V-1s-1) 42.9 64.0 55.3 35.8 16.9 10.2 4.9 0.1 0.2 - - - 
SUPPLEMENTARY	NOTE	3:	ANALYSIS	OF	THERMOELECTRIC	PROPERTIES	
 
SUPPLEMENTARY FIG. 8: Thermoelectric conductivity αxy/T at 14 T for different temperatures. 
The lowest temperature point shows a larger deviation. The error bars reflect uncertainties in 
measurements of the temperature difference and sample dimensions, and indicate one 
standard error. The uncertainty in the temperature difference is estimated from the plot in 
Supplementary Fig. 3. 
 
 
SUPPLEMENTARY FIG. 9: Power factor as a function of magnetic field. Overall, it decreases with 
increasing field. Due to the sign change of the Seebeck coefficient, the curves around 90 K are 
non-monotonic. 
  
SUPPLEMENTARY	NOTE	4:	DATA	FROM	AN	ADDITIONAL	SAMPLE
	
SUPPLEMENTARY FIG. 10: Electrical transport properties of sample #2. a, b Longitudinal 
electrical resistivity ρxx at different temperatures, showing strong magnetoresistance. At low 
temperatures, quantum oscillations appear at low fields. c, d Transverse electrical (Hall) 
resistivity ρxy. When the temperature is low, ρxy is linear in B, suggesting a single band. ρxy 
deviates from the linear dependence when the system is in the quantum limit. Around 100 K, 
the Hall resistivity becomes nonlinear, implying two-band transport. 
 
	SUPPLEMENTARY FIG. 11: The zero-field resistivity 𝜌!! as a function of temperature for sample 
#2 (lower, black curve) as compared to sample #1 (upper, red curve). 
 
 SUPPLEMENTARY FIG. 12: Thermoelectric coefficients of sample #2. a, b Sxx at different 
temperatures. c, d Sxy. 
 
SUPPLEMENTARY FIG. 13 Transverse thermoelectric conductivity of sample #2. a, αxy as a 
function of B at different temperatures. b, Plateau of αxy/T at high magnetic field. 
Supplementary Figs. 10-13 show data taken from another sample, which we dub sample #2. 
Overall, the results are very similar to the sample (“sample #1”) presented in the main text. The 
temperature dependence of the longitudinal electrical resistivity has a maximum at about 93 K. 
At 1.5 K, the sample mobility is about 370,000 cm2V−1s−1. In the field dependence of the 
resistivity, quantum oscillations are well developed at low magnetic fields. The quantum limit is 
reached above 2 T, slightly higher than for the sample in the main text, suggesting a slightly 
larger value of the electron concentration at B=0. ρxy is linearly dependent on B below the 
quantum limit at low temperatures, while it becomes nonlinear around the temperature of the 
resistivity maximum. These features are consistent with the Liftshiz transition discussed in the 
main text. One can notice that the magnetoresistance effect is somewhat weaker in sample #2 
as compared to sample #1, particularly at high fields ~ 10 T. In our samples, one of the primary 
drivers of magnetoresistance at such high fields is the variation in carrier concentration with 
field arising from the Lifshitz transition. In sample #2 achieving a large variation seems to require 
a relatively higher value of magnetic field as compared to sample #1, which is consistent with 
the sample #2’s larger electron concentration at B = 0. 
Supplementary Fig. 12 shows the thermoelectric coefficients, Sxx and Sxy. The results in the 
main text are reproduced in this sample. Both coefficients exhibit a mostly linear increase in the 
quantum limit, with Sxy becoming as large as 1900 µV/K. Supplementary Fig. 13 shows the 
transverse thermoelectric conductivity. The value of αxy/T at different temperatures converges 
to a plateau value in the range 0.02 – 0.03 A/K2·m at high magnetic field. Although this value is 
higher than the one in the main text, it is still in reasonably good agreement with the theory. 
The difference between samples may be explained by variation of the Fermi velocity among 
samples due to high sensitivity of the band structure on the lattice constant, or by slight 
differences in alignment with the magnetic field (note that ZrTe5 has a strongly anisotropic Fermi 
velocity). We reiterate that the variation of the band structure of ZrTe5 is manifested in many 
experiments with various techniques [7], with three different topological phases being reported. 
Thinning the thickness of a crystal down to 180 nm can increase the band gap from zero to 10 
meV, even though no quantum confinement is expected at this thickness [8]. The peak in the 
temperature dependence of the resistivity, one of the characteristic features of ZrTe5, can vary 
from 0 to 140 K. Therefore, it is not surprising that the Fermi velocity may vary from sample to 
sample. Additionally, the apparent deviation from the universal plateau value at low 
temperatures may be related to the presence of a small band gap, as we discuss theoretically in 
Sec. VI. 
	 	
SUPPLEMENTARY	NOTE	5:	DISCUSSION	OF	POSSIBLE	PHONON	DRAG	EFFECTS 
The expression for 𝛼!" presented in the main text, Eq. (1), is derived under the assumption that 
there is no significant phonon contribution to the thermoelectric conductivity. Here we discuss 
the possible role of phonons. In particular, we discuss whether phonon drag effects may be 
responsible for the slight upturn in 𝛼!" that is suggested by Fig. 3a and Supplementary Fig. 11b 
with increasing field at the lowest temperatures. 
 While phonon modes are typically electroneutral, and have no direct coupling to 
magnetic field, they may still contribute to 𝛼!" through the phonon drag effect: when an 
electric current is present, electron-phonon scattering processes give the phonon system a net 
drift velocity. Thus, an electron heat current may be accompanied by a collinear phonon heat 
current.  Such a phonon current would tend to increase the thermoelectric conductivity. 
 One can make an upper-bound estimate for the effect of phonon drag by assuming that 
the phonon drift velocity is identical to the electron drift velocity. This strongest-case scenario 
corresponds to the limit of strong electron-phonon scattering and weak phonon-phonon or 
phonon-impurity scattering. [9] As explained in the main text, the heat current at large magnetic 
field is directly proportional to the entropy density.  Thus, in this same limit the contribution of 
phonon drag effects to 𝛼!" is directly proportional to the phonon entropy. In the limit of low 
temperature the phonon entropy is dominated by acoustic phonons, which have an entropy 
𝑆!"~ #!"$#ℏ#&$# ~ #!'% # $(&$)     (5-1) 
per unit volume, where 𝑣) is the speed of sound, 𝑉* is the unit cell volume, and 𝛩+ is the Debye 
temperature. As discussed in the main text, the electron entropy in the EQL is of order  
𝑆*+~ ,'#!($*-ℏ#&) 	.      (5-2) 
Thus, at low temperatures and in the EQL the relative contribution of phonon drag to 𝛼!" can be 
no larger than  
'.*+(phonon	drag).*+(electrons) ( < 	 /<=/>? ~ ℏ(&),'#!$'%*- # $(&$).   (5-3) 
For ZrTe5 the Debye temperature 𝛩+ ≈ 150	K [10] and the unit cell volume 𝑉* ≈ 400	Ȧ3.  
While this estimate for 𝛼!"(phonon	drag) 𝛼!"(electrons)5  gives a numerical value as large as 
several tenths within the EQL, it predicts a temperature and field dependence that is 
inconsistent with our observations. In particular, Supplementary Eq. (5-3) suggests that the 
contribution of phonon drag is larger at higher temperatures and at lower fields. On the other 
hand, the slight deviation from the plateau value of 𝛼!" becomes more pronounced in the 
opposite limit of lower temperatures and at higher fields.  Thus, we find it more likely that the 
slight deviation in 𝛼!" from the plateau value is associated with the presence of a very small gap. 
We discuss this possibility and its consequences in the following section. 
 
  
SUPPLEMENTARY	NOTE	6:	THEORETICAL	CALCULATION	OF	αxy	FOR	THE	CASE	OF	A	
MASSIVE	DIRAC	DISPERSION	
In this section we present a theoretical calculation of the thermoelectric Hall conductivity αxy 
for the case of a massive Dirac dispersion. This analysis is a straightforward generalization of the 
results obtained in Ref. [11] to the case of a finite band gap. 
The energy of a massive Dirac particle in a magnetic field is given by the expression 
   (6-1) 
where 2∆ is the band gap, vF is the Fermi velocity in the magnetic field direction z, and v⊥ is the 
velocity in plane perpendicular to the field direction (more carefully, it is the geometric mean of 
vx and vy). The density of states is then given by 
  (6-2) 
where Nf  is the number of Dirac nodes (each of the nodes is double degenerate). 
The thermoelectric Hall conductivity is determined by the expression [11] 
 (6-3) 
where µ is the chemical potential, and T is the temperature. The notation  is used to 
mean that there is an extra factor 1/2 multiplying the n = 0 term of the sum, and ε0(kz) should be 
understood as  in the above expression. The entropy per electron state is 
given by 
 (6-4) 
where nF(ε) = [1 + exp(ε/kBT)]−1 is the Fermi-Dirac distribution. 
Finally, the chemical potential µ should be determined self-consistently from the equation 
   (6-5) 
where n0 is net electron concentration. 
The equations in this section fully determine the thermoelectric Hall conductivity αxy as a 
function of magnetic field B, temperature T, and electron concentration n0. An example of the 
solution is shown in Supplementary Fig. 14. Note, in particular, that at temperatures much 
smaller than the band gap and at sufficiently high magnetic fields, the electron dispersion near 
the Fermi level is essentially that of Schrodinger particles, which do not exhibit a quantized 
plateau [11]. 
 
SUPPLEMENTARY FIG. 14: An example calculation of αxy as a function of B for different 
temperatures T. This result is obtained as a solution of Supplementary Eqs. (6-1) through (6-5) 
with n0 = 5 × 1016 cm−3, Nf = 1, vF = 3 × 104 m/s, v⊥ = 6vF, and ∆/kB = 30K. The red dashed line 
indicates the position of the plateau for the same parameter values when ∆ = 0, i.e., αxyplateau = 
TekB2 Nf/6vFħ2. 
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